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Most aircraft accidents are caused by technical problems or weather-related 
issues. One cause of weather-related incidents is in-flight icing, which can induce 
negative performance characteristics and endanger the operation of an airplane. Various 
researchers investigating the problem of in-flight icing have proposed ice-phobic coatings 
as one viable solution. For this purpose, it is critical to study the behavior of a droplet 
impact on different types of surfaces. As an alternative to physical testing, three-
dimensional numerical simulation using computational fluid dynamics offers a promising 
strategy for evaluating the effects of surface characteristics. Using the volume of fluid 
method, three simulations of high-speed droplet impact on superhydrophobic surfaces 
with and without micro-scale roughness elements, were generated. The simulations 
showed that, for the roughness configurations considered, the superhydrophobic surfaces 
with micro-scale roughness elements were significantly less effective at repelling the 
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When an aircraft passes through a cloud in which the ambient temperature is 
below the freezing point of water, super cooled droplets come into contact with the 
surface of the aircraft and freeze. This leads to an accumulation or adhesion of ice to the 
surface. The resulting ice accretion can induce negative performance characteristics that 
may alter the operation of an airplane due to carburetor or Pitot tube icing, loss of control, 
control surface impairment, or engine power loss [1]. Moreover, the aerodynamic drag 
can be significantly increased by the presence of thin ice accretions while thick accretion 
can degrade the aerodynamic lift.  Therefore, in-flight icing is an important topic relating 
to air safety.  
In order to reduce icing-related incidents, the Federal Aviation Administration 
(FAA), a branch of U.S. Department of Transportation, provides a national simulator 
program (NSP) for Flight Simulation Training Device Qualification (FSTD) to evaluate 
and qualify the engine and airframe icing training tasks [2]. In fact, an aircraft must be 
able to operate under icing conditions to ensure the safety of its passengers and people 
present on the ground within the flight perimeter [3]. To this end, there are six types of 
ice protection systems (IPS): pneumatic de-icing boots, electro-thermal, bleed air, 
electro-mechanical, the Tecalemit-Kilfrot-Sheepbridge Stokes (TKS) ice protection 
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system, and passive systems. Note that there is a difference between the de-icing and 
anti-icing systems; a de-icing system is characterized by the removal of ice from a 
surface, while an anti-icing system prevents the buildup of ice. 
A pneumatic de-icing boot is typically made of rubber and is located at the 
leading edge of the wings and stabilizers. The accreted ice is fractured when the boot is 
inflated [4] and the aerodynamic forces remove the ice fragments that have separated 
from the surface. An electro-thermal system uses resistive circuits placed in the structure 
of the airframe to generate heat continuously to prevent icing (anti-icing) or occasionally 
when needed to melt the ice present on the surface (de-icing) [5]. Bleed air is an anti-
icing system that works as follow: The hot air from the engine, which is characterized by 
high pressure and high temperature, is routed into piccolo tubes, i.e., a U-shaped porous 
tube, that pass through the wing, tail surfaces, and engine inlet in order to prevent icing 
[6]. Electro-mechanical Expulsion Deicing Systems (EMEDS) are currently used in 
commercial and military aircraft and use mechanical force to remove the ice present on 
the aerodynamic surfaces. The actuators i.e., the part of the machine that is responsible 
for moving a mechanism or a system, are placed under the shell of the structure. The 
actuators are operated to provoke a shock wave in the surface to dislodge the ice [6]. 
Other Hybrid Electro-Mechanical Expulsion Deicing Systems couple both EMEDS de-
icer and an electrical heating element anti-icer. The ice accreted on the leading edge of 
the airfoil is averted by the heater while the actuators of the EMED system dislodge the 
ice accumulated aft of the heated portion of the airfoil [7]. On the other hand, a TKS ice 
protection system, or weeping wing, prevents ice formation by employing an ethylene 
glycol-based fluid to coat the critical surfaces of the aircraft [8-9]. Finally, passive 
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methods are based on the utilization of hydrophobic coatings that are characterized by a 
high level of water resistance and a natural self-cleaning effect that helps reduce ice 
accretion [6]. Hybrid systems employ a combination of the various methods [10]. 
Some of the IPS cited above are ineffective under severe weather conditions. 
Icing is among the leading causes of numerous aircraft accidents such as the American 
Eagle Flight 4184 which encountered difficulty to maintain altitude due to a formation of 
an ice ridge aft of the de-icing boot. This lead the pilots to lose control of the aircraft and 
it crashed outside of Roselawn, Indiana killing all 68 people on board on October 31, 
1994 [11].  Other examples that illustrate the dangers of inefficient IPS include the July 
2014 accident involving an MD-83 in the Mali desert that occurred because of the engine 
icing [12] and the Romanian BN-2A Islander ambulance plane accident caused by a loss 
of power due to carburetor icing [13]. 
Moreover, some systems that employ thermal methods can be risky because they 
involve detection techniques that might be inaccurate. Furthermore, their operation 
requires considerable energy, which generates additional costs. Over the past ten years, 
the aircraft industry has opted to look for other solutions such as the use of passive or 
hybrid methods. The latter are more potentially effective when it comes to ice protection 
because they prevent ice accretion and adhesion rather than simply removing it and, in 
addition, consume less energy than the standard methods.   
One possible passive solution is the use of ice-phobic coatings and, for this 
purpose, the dynamics of a droplet impact on dry and wet surfaces needs to be 
investigated. The contact of a droplet onto a surface is closely related to the surface 
properties such as wettability and roughness that enhance the surface’s efficiency for 
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water repulsion and thus to ice accretion [14]. In fact, there are various parameters that 
must be considered for the design of a suitable coating. To this end, there is a need to test 
the effectiveness of those properties to produce adequate ice-phobic surfaces. As an 
alternative to physical testing, numerical simulation using computational fluid dynamics 
(CFD) offers an attractive strategy for estimating surface characteristics. 
1.2  Primary contribution 
Prior research has revealed a novel mechanism that highlights the importance of 
dynamic wetting behavior that leads to full retraction and repulsion of impacting water 
droplets from a cooled superhydrophobic surface before ice nucleation occurs [14]. Based 
on this finding, the main objective of this work is to study and analyze the behavior of 
droplet impact on three different surfaces. For this purpose, this investigation will focus 
on droplet impact on superhydrophobic surfaces with and without micro-scale roughness 
elements (MRE) that are inspired by superhydrophobic surfaces that occur in nature. 
The computational tool used in this investigation is OpenFOAM® 2.3.0 which is 
an open-source, full-featured CFD flow solver. In order to generate the simulations, its 
multiphase flow solver interFoam, which employs the Volume of Fluid (VOF) method, 
was used for all the calculations [15].  
For flow visualization, both Ensight 10.1 [16] and Paraview [17] were used 
progressively from the beginning of the investigation until its end to ensure the proper 
functioning of the simulations and provide enough information for this research. 
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1.3 Thesis outline 
This thesis begins with a literature review that focuses on the definition of all the 
important terms related to the topic and presents an overview of prior research. The next 
chapter, dedicated to the computational methods, covers different elements of CFD 
calculations as the flow solver, the governing equations, and volume of fluid 
implementation. The section that follows is  the results, where the process of this 
investigation is explained, including all the techniques used for the mesh generation, the 
specification of the boundary conditions, the characteristics of the MRE’s, and a full 
description of the results generated by the simulations. The final segment of this thesis 
gathers an overview of each case, all the conclusions drawn by this investigation and 








Despite the advances that have been made in aviation technology, an aircraft’s 
surfaces are not totally invulnerable to weather effects. Indeed, an aircraft skin can be 
strong and especially designed to overcome countless thermal cycles but still remain 
susceptible to ice accretion under certain meteorological conditions. An ice layer on an 
aircraft’s wing can affect the aerodynamics of the aircraft and diminish its performance. 
Thus, for a better understanding of this problem and in order to reach a workable solution 
that can be applied to a large scale surfaces, several efforts investigated the behavior of a 
droplet impacting a solid, dry surface.  
One plausible solution is the following: an inherent surface property with the 
ability to fend off water droplets that could lead to prevention of icing. This concept led 
to many experiments that confirmed that highly-ordered, superhydrophobic surfaces can 
be designed to remain entirely ice-free down to a specific temperature due to their ability 
to repel impacting water before ice nucleation [14].  
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2.2 Characteristics of the theme 
2.2.1 Basic splashing 
While investigating the potential of superhydrophobic surfaces, it is mandatory to 
understand the dynamics of droplet impact on solid, dry surfaces, especially since they 
present more complicated flow patterns than wetted surfaces.  
The variables that characterize the impact of a droplet are as follows: the initial 
droplet diameter 𝐷0, droplet velocity 𝑉0, droplet density 𝜌, droplet viscosity 𝜇, surface 
tension 𝜎, and measures of the surface roughness and wettability. The surface roughness 
is usually defined by an average roughness height, 𝑅𝑎 and the wettability by a contact 
angle 𝜃. By using dimensional analysis, these variables can be reduced to only four: a 
non-dimensional average roughness 𝑅𝑎*=𝑅𝑎/𝐷0, the contact angle 𝜃 and finally Weber 
and Ohnesorge numbers that will be defined subsequently. 
Rioboo et al. [18] showed six different droplet spreading regimes as shown in 
(Figure 2.1): deposition, prompt splash, corona splash, receding break-up, partial rebound 
and complete rebound. These experiments also illustrate that, during droplet impact on a 
dry, solid surface, two phases can be distinguished. The first phase (the kinetic phase), is 
characterized by the fact that the fluid or solid properties do not play a role when the 
droplet first impacts the surface. During the second phase (the deposition phase), these 
factors become critical. The first phase consists of the conversion of the kinetic energy 
into surface energy and is related to the expansion of the droplet over the surface. The 
second phase is the dissipation of the kinetic energy caused by the interaction of viscous 
forces between the solid surface and the droplet. In sum, these two results are tightly 
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related to the kinetic energy present and characteristics of the surface, which can be 
expressed in term of the contact angle θ.  
 
Figure 2.1 Morphology of droplet impact on dry surface.[18] 
 
The two types of contact angle produced by a hysteresis effect (Figure 2.2) are 
advancing contact angle 𝜃𝑎 and receding contact angle 𝜃𝑟 [19], which can be partially 
described by using the dimensionless quantities below that indicate if the viscosity effects 
are significant.  
Reynolds number Re: 






Weber number We: 






Or a combination of Re & We, Ohnesorge number Oh: 







√𝑖𝑛𝑒𝑟𝑡𝑖𝑎𝑙 𝑓𝑜𝑟𝑐𝑒𝑠 .  𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝑡𝑒𝑛𝑠𝑖𝑜𝑛 
   (2.3) 
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Note that these non-dimensional parameters cannot fully describe the problem 
since they do not include any relevant surface characteristics. 
 
Figure 2.2 Advancing and receding contact angle [19] 
 
Rioboo et al. [20] took a particular interest in studying the influence of certain 
parameters on the contact between a liquid droplet with the solid, dry surface. The 
experiments were performed using high resolution digital photography and the 
parameters were varied in a systematic manner. They observed that dimensional 
similarity of the spreading can only be reached at very early stages of the impact process 
and that the number of influencing factors increases in later stages. Furthermore, they 
reached the significant finding that the influence of the surface wettability and roughness 
is indubitably important. Yarin [21] confirmed this finding and explained this difference 
more in terms of the dynamics of droplet impact on dry, solid surfaces by highlighting the 
two important factors that control this phenomenon in his investigation. 
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2.2.2 Surface characteristics  
2.2.2.1 Wettability 
The wettability of a surface is the ability of a liquid to maintain contact with a 
solid surface [22]. There are various degrees of wettability, and they can be differentiated 
by their contact angle. By this criteria, a surface can be classified into three distinct 
categories: a hydrophilic surface, which has the physical property of having an affinity 
for water and characterized by a very low contact angle 𝜃 < 90° (good or complete 
wetting), a hydrophobic surface, which has the physical property of repulsion of the 
water and  can be distinguished by a high contact angle 90° < 𝜃 < 150° (poor wetting), 
and  a superhydrophobic surface that has the same general characteristics as the 
hydrophobic surface but more enhanced (very poor wetting) and very high contact angle 
𝜃 > 150° ( see Figure 2.2). 
2.2.2.2 Hydrophilic, hydrophobic and superhydrophobic surfaces  
Drelich et al. [23] enumerated the characteristics of a hydrophilic surface in his 
research: no long range hydrophobic forces, the free energy of hydration considerably 
smaller than -113 mJ/m², or a contact angle less than 90 degrees. The most widely known 
definition is the one that emphasizes the fact that hydrophilic surfaces are characterized 
by a strong affinity to water.  
On the other hand, hydrophobic and superhydrophobic surfaces, as defined above, 
have the property of water repulsion. Once the droplet hits the surface, it can fully 
rebound in the shape of a column or a pancake. In the second case, it is highly 
challenging to make the surface wet as it is extremely hydrophobic.  
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2.2.2.3 Water repellent surfaces in nature 
This ability to reject water can be seen in many organisms in nature such as the 
strider’s legs (Figure 2.3). Indeed, the research conducted by Gao et al. [24] showed that 
a strider’s ability to walk and move efficiently on water is due to the high level of 
hydrophobicity of their legs, which are covered by microscopic hairs. 
 
Figure 2.3 Leg of a strider [25] 
 
The eyes of a mosquito (Figure 2.4) represent another example of hydrophobicity 
in nature. In fact, a study made by Gao et al. [26] demonstrated that, thanks to this 
property of the mosquitoes’s eyes, they can remain dry in a humid habitat and therefore 
maintain clear vision. Liu et al. [27] outlined another example of an animal that possess 
this same property: a duck with its feathers (Figure 2.4). Thanks to their feathers, which 
show a multi-scale structure, ducks have the ability to repel water droplets and remain as 




Figure 2.4 A-Eye of a mosquito [28] & B- water drops on duck’s feather[29] 
 
Guo et al. [30] discussed another well-known example of super-hydrophobicity 
the Lotus-effect (Figure 2.5). The lotus leaf can emerge from a muddy environment 
completely clean. This is due to the roughness of its surface which prohibits water 
droplets from wetting the leaf. The rose petal also demonstrates the ability of water 
repulsion, but its mechanism works differently. Feng et al. [31] investigated this 
phenomenon and showed that, when a drop of water lands on the rose petal, it balls up 
and sticks to the surface (Figure2.5). Looking at the petal composition at a microscopic 
scale, they found that the petal is actually covered with bumps which are in turn covered 
with folds. The difference between the lotus effect and the petal effect is the fact that the 
bumps present on the lotus leaf are closely spaced unlike the petal which has well-spaced 





Figure 2.5 A-Computer graphic of a lotus leaf surface [31] & B- The Petal effect [32] 
 
To summarize, these examples present in nature and exhibit something in 
common, which is the hydrophobic property. This property is present in different forms: 
chemical surface treatments and also geometrically, such as: bumps, tiny hairs and micro-
scale structures, which can be referred to as micro-scale roughness elements (MRE).  
2.2.2.4 Micro-scale roughness elements (MRE) 
MREs play an important role in determining the interaction between a static 
droplet and a superhydrophobic surface. For this purpose, the definition and clarification 
of this term is going to be presented before continuing this investigation. 
Scheer & Stover [34] define microroughness as “surface roughness components 
with spacing between irregularities less than about 100 micrometers.” In fact, roughness 
is a constituent of surface texture with high frequency and short wavelength. It can be 
measured using the deviation of the normal vector of a real surface from its ideal form. 
Based on this deviation, the surface can be categorized as a surface that exhibits 
roughness characteristics or not (smooth).  
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Several researchers focused on the investigation of a droplet resting on surface 
with micro-scale roughness elements [35-38]. Yoshimitsu et al. [35] showed that, when it 
comes to some phenomena, such as adherence of snow or raindrops, a proper design of 
the surface is more effective than an increase in the contact angle. On the other hand, 
Heydari et al. [37] demonstrated that the water freezing delay time is not significantly 
affected by the surface topography. Overall, the effectiveness of the micro-scale 
roughness elements have not been established yet. 
2.2.3 Dynamics of droplet impact on solid surfaces: Experiments 
One of the first studies of droplet impact on a dry surface was done by 
Worthington [39-41] who focused on droplet fingering and splashing. He used an 
experimental procedure that is similar to the techniques still used by researchers today. 
Worthington observed the behavior of both large milk and mercury droplets impacting 
smooth glass plates. The observations he made include the following: crown formations 
do not occur; the number of fingers increased with both droplet size and fall height, 
which implies that they are related; at maximum spread, or soon after, the fingers merge, 
and more importantly, that fingering was more pronounced for fluids that did not wet the 
surface than for fluids that did. Engel [42] and Levin and Hobbs [43] noticed that, with 
increasing surface roughness, the droplets splash upward and form a crown. For impact 
on a very smooth surface, there is an absence of crown formation.  
Based on the observed correlation between surface roughness and droplet impact, 
Stow and Hadfield [44] demonstrated the existence of a “splash parameter.” Splashing 
occurred when 𝐾 = 𝑊𝑒0.5𝑅𝑒0.25  was greater than a threshold value 𝐾𝑐, which is strictly 
a function of the surface roughness. When the roughness of the surface increases, Kc 
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varies with small values of 𝑅𝑎* and reaches an asymptotic value. Stow and Hadfield 
observed that it is necessary that the scale of the surface roughness be much smaller than 
the characteristic height of the fluid sheet to initiate splashing. They suggested that the 
role of roughness was to initiate an instability in the sheet and noted that the threshold 
would not apply to a surface roughness comparable to the height of the sheet. 
Following the observations of Stow and Hatfield [44], Mundo et al. [45] 
confirmed the asymptotic relationship of splashing with surface roughness through 
several investigations of small water droplets impacting rough surfaces and noted that the 
onset splashing was at 𝐾𝑐 = 57.7. Correlating the data of Stow and Hadfield [44], 
Mundo et al. [45] and Yarin and Weiss [46], Cossali et al. [46] obtained the following 
relationship:  
 𝐾𝑐1.6 = 649 + 3.76
𝑅𝑎
∗0.63 (2.4) 
Watchers and Westerling [48] also correlated the splashing threshold with Weber 
number 𝑊𝑒𝑐 and observed the onset of splashing of several different liquids impacting a 
polished gold surface at 𝑊𝑒𝑐 = 80.  Range and Feuillebois [49], also considered the 
influence of roughness but at low values of Ohnesorge number Oh and correlated the 
onset of splashing with the following expression: 𝑊𝑒𝑐 = 𝑎 𝑙𝑛𝑏(𝑅𝑎∗), where 𝑎 and 𝑏 
differed with each liquid-solid combination. 
Long before the observation made by Stow and Hatfield [44] regarding the 
instability initiated by the roughness, Allen [50] took interest in this aspect and published 
a calculation based on an application of the Rayleigh-Taylor (RT) instability theory. In 
fact, RT is a fingering instability that occurs at an interface between two fluids of 
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dissimilar densities in which the lighter fluid pushes the heavier one [51]. RT theory 
gives the following expression for the fastest growing wavelength: 
 λ= 2π√− 3𝛾
𝑎(𝜌𝐻−𝜌𝐿)
 (2.5) 
with a being the acceleration of the interface, and  𝜌𝐻, 𝜌𝐿 the density of the heavy and 
light fluids respectively. In his investigation, Allen [50] estimated the acceleration of the 
interface to be: 
  𝑎 ≈  −𝑉0²/(𝐷𝑚𝑎𝑥/2) (2.6) 
with 𝐷𝑚𝑎𝑥 being the measured diameter of the droplet, and 𝑁 =
𝜋 𝐷𝑚𝑎𝑥
𝜆
   to estimate the 
number of fingers visible about the rim of an ink blot.   
Bhola and Chandra [52] estimated the acceleration in a different manner as 
𝑎 ≈  −𝑉0²/𝐷0 and presented an analytical expression for the maximum spread, 𝐷𝑚𝑎𝑥, 
derived from consideration of an integral energy balance [53] and obtained the following 
expression which was a function of the splash parameter 𝐾:  







The previous equation predicted precisely the number of fingers observed after 
the impact of a wax droplet onto the surface and also gave a good prediction of fingers 
about molten tin droplets impacting a hot surface [54]. 
Marmanis and Thoroddsen [55] counted fingers from the blots left by droplets of 
different liquids impacting a paper surface and obtained the following correlation:  
 𝑁 ≈ (𝑊𝑒0.25𝑅𝑒0.5)0.75 (2.8) 
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Comparing the data obtained with that of Worthington [41], they observed that 
there is a significant discrepancy, which might be explained by the difference in the 
wettability of mercury on glass compared to the liquids they used on a paper surface. 
Finally, Kim et al. [56] used an RT-based linear perturbation theory to analyze the 
stability of the layer of fluid that jets radially outward beneath an impacting droplet right 
after contact. Their results predict the variation of the fastest growing wavelength with 
time. For appropriate assumptions of when the fingers first appear, the model yielded 
estimates of 𝑁 in line with experimental observations [57]. 
2.2.4 Design of ice-free surfaces based on repulsion of impacting water droplets 
Hydrophobicity and superhydrophobicity observed in nature inspire mechanisms 
of de-icing that work in various ways either mechanically, pneumatically, or chemically.  
Xiao et al. [58] investigated the development of durable surfaces that can prevent icing, 
where airstream shear forces remove the ice accretions. Their work provides a means to 
predict the anti-icing performance of several nanocomposite coatings under in-flight 
environments. 
Mishenko et al. [14] focused on the behavior of dynamic droplets impacting 
supercooled nano-structured and micro-structured surfaces. Their experiments showed 
that superhydrophobic materials can be totally ice free between -20° to -30° C, thanks to 
their ability to fend off impacting droplets before the nucleation phase. Ice below this 
temperature can be easily removed, while ice accretion is prevented above this 
temperature. The design of an ice-free coating can be done by bringing together all major 
factors as heat transfer, wetting characteristics, and the nucleation phase. Starting from 
this investigation, they conclude that the most effective ice-free coating would be 
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hydrophobic polymeric coating with closed-cell micro-structured surfaces. Indeed, these 
surfaces have potential because the micro-structures are easy to replicate using large scale 
manufacturing.  
Sharing the same perspective, the investigation of Cao et al. [55] led to a focus on 
the performance of superhydrophobic coatings for anti-icing applications. They used 
nanoparticle-polymer composites to prevent ice formation at the time of impact of the 
supercooled droplets. Cao et al. found that the capability of those composites depends 
also on the size of the particles on the surface. In fact, they concluded that the critical size 
is dissimilar to the critical size that determines the characteristics of these surfaces; 
therefore, it is necessary to acknowledge the surface morphology before determining if 
the superhydrophobic surface indeed has anti-icing properties.   
2.2.5  Efficiency of superhydrophobic surfaces regarding icephobicity 
Jung et al.’s [60] investigated superhydrophobic surfaces to determine if they are 
truly the best for icephobicity. They based their result on the delay of freezing water on 
different surfaces-untreated and coated from hydrophobic to superhydrophobic. 
Supercooled, micro-droplets of water were placed on different surfaces and were 
observed until freezing occurred. The surfaces with nanometer scale roughness and 
higher wettability showed unpredictably long freezing delays unlike the other 
superhydrophobic surfaces with higher roughness and lower wettability.  
Jung et al.’s [60] observations revealed an unseen atmospheric-pressure, 
subfreezing temperature regime for liquid on liquid bounce, which led them to 
reformulate the classical heterogeneous nucleation theory that predicts the observed 
freezing delays. Thus, the results suggest that ice repellent design of surfaces must 
 
19 
improve the two important factors of wettability and roughness. Therefore, the results of 
this experiment pointed out that the choice of the best icephobic surface has to be based 
on a complete examination of both factors: freezing delay and ability to fend off liquids. 
2.2.6 Numerical simulation methods: Volume of fluid (VOF) 
While simulating any given problem involving flows with moving interfaces, 
there are a number of techniques that can be used: The Volume of Fluid method (VOF) 
[61], the Front Tracking method [62], the Level Set method [63], and the Lattice 
Boltzmann model [64].   
Hirt and Nichols [61] defined VOF as a method that is based on the idea of a fluid 
volume fraction and uses a numerical technique for detecting and locating the free 
interface. In turn, Gouez et al. [65] gave a simple explication of this technique as follows: 
∝ is a function that represents the volume fraction fluid in each cell. If the value is a zero, 
it means that the cell does not include the fluid. In contrast, when the value differs from 
zero, it means that the cell contains fluid. The free surface is defined by cells whose value 
is between zero and one (following the condition that the overall sum of volume fraction 
is equal to one). 














In equation (2.9), 𝑡 represents the physical time, (𝑢, 𝑣, 𝑤) are the Cartesian 
components of the velocity and (𝑥, 𝑦, 𝑧) the Cartesian coordinate system. The donor-
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acceptor method [64] is used to calculate the flux of ∝ over the sum of all the faces of a 
cell, which represents the evolution of ∝ in each cell. 
2.2.7 Dynamics of droplet impact on solid surfaces: VOF simulations 
Many numerical studies simulating droplet impact have dealt with the two-
dimensional or axisymmetric problem of a droplet impacting normal to a smooth surface. 
The axisymmetric assumption inhibits the consideration of flow in azimuthal direction 
and therefore the consideration of splashing and fingering. To overcome this problem, 
full three-dimensional models of droplet impact have recently been performed. In the 
investigation of Bussman et al. [66], a numerical model was used to simulate the effects 
of droplet impact on a solid surface, using a methodology for velocity perturbation of the 
fluid near the solid surface shortly after impact. Simulation results were presented for the 
impact of water, heptane and molten tin droplets and compared with images of 
corresponding impacts. The results of this investigation were based on the three-
dimensional model of Bussman et al. [67] and simulation results consistently agreed with 
the experiment. The results of this investigation demonstrated that the contact angle plays 
a major role for water and heptane and that the expression that can predicts the behavior 
of the molten tin may be valid only for impacts characterized by a relatively low value of 
the Ohnesorge number. 
The impact of a droplet on a solid, dry surface has been experimented by using 
VOF simulations by Gunjal et al. [68]. The main purpose of this study was to highlight 
the key issues related to droplet spreading over the surface. A high speed digital camera 
was used to capture the progression of the droplet while impacting flat surfaces (glass & 
Teflon). The experimental data on the dynamics of the droplet impact were classified 
 
21 
over a range of Reynolds and Weber numbers. The simulation consisted of the use of 
CFD model based on VOF method. During the comparison of the experiment and 
simulation, they concluded that the results were satisfying. The major strength of the 
simulations is the fact that they provide more details about the interaction of droplets with 
the surfaces used in the experiment. Finally, the modeling of these droplets on a dry, solid 
surface can be reliable; however, according to Yarin [41], there are still some gaps 
concerning the boundary conditions to be implemented at the moving contact line and the 
transition from the spreading to the receding stage where the contact line is arrested. 
Numerical investigations of droplet impact were performed by Burtnett [69]. Her 
work targeted droplet impact on both dry and wetted superhydrophobic surfaces using a 
VOF flow solver. More precisely, she investigated the effects of droplet impact on dry 
and saturated surfaces with structured, MREs and on dry, smooth surface. Axisymmetric 
domains were employed and those latter produced acceptable results for smooth, dry 
surfaces. In contrast, the results for the surfaces with MREs provided inconclusive 
findings and, for this purpose, it was determined that three-dimensional simulations are 
recommended in order to properly predict behavior of droplets impacting surfaces with 
structured MREs.  
2.3 Summary and conclusion 
This literature review helped gather enough information about previous 
investigations in this research area. It also demonstrates that superhydrophobic surfaces 
offer a potential solution to overcome the problem of ice accretion and the importance of 
both wettability and roughness. Moreover, it also shows that investigations done on static 
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droplets resting on rough superhydrophobic surfaces did not established the effectiveness 
of the MREs. 
Several two-dimensional simulations have been employed to study droplet 
behavior on superhydrophobic surfaces while three-dimensional simulations were just 
starting to be performed.  For this purpose, the next step would be to investigate high 
speed droplet impact on superhydrophobic surfaces with MREs using three-dimensional 
CFD simulations. The two MRE configurations considered consisted of anisotropic 
channels, which were selected to mimic the hair on the strider legs (Figure 2.3) and the 
duck feathers (Figure 2.4 B), and isotropic posts, which were chosen to mimic the 





3.1 Flow solver  
This investigation used OpenFOAM®2.3, released on 17th February 2014, for all 
numerical simulations. Open Field Operation and Manipulation (OpenFOAM) is an open 
source CFD toolbox managed by the OpenFOAM Foundation [15]. The toolbox includes 
a wide range of features, with numerous options, that can be employed to solve different 
problems ranging from molecular dynamics to electromagnetics problems. It also has 
several utilities for mesh generation and manipulation than can be used depending on the 
nature of the problem. 
In this effort, interFoam [15], which was first developed by Rusche [70] and then 
modified by OpenCFD, Ltd. [71], was used to generate simulations for a liquid droplet 
impacting a dry surface in the presence of still air, using the VOF method.  For problems 
involving two immiscible fluids, the VOF method solves the phase fraction equation for 
each phase in order to guarantee conservation, boundedness, and the accuracy of the 
solution, especially when the problem is dealing with two fluids with very different 
densities. In this investigation, the two fluids considered are the quiescent air and the 
water droplet.  
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3.2 Governing equations  
The governing equations, continuity and momentum, are solved simultaneously 
with the transport equation for the volume fraction ∝ 
 ∇. 𝑉 = 0  (3.1) 
 𝜕(𝜌𝑉)
𝜕𝑡
+ ∇(𝜌𝑉𝑉) = −∇P + ∇. T + 𝜌𝑓𝑏  (3.2) 
 𝜕∝
 𝜕𝑡
+ ∇(∝ 𝑉) = 0 (3.3) 
where 𝑉 is the velocity shared by the two fluids, 𝜌 is the density, 𝑃 is the pressure, 𝑇 is 
the deviatoric stress tensor and  𝑓𝑏  is the continuum surface force (CSF) [72]. 
For numerical computation, interFoam uses a cell center-based, finite volume 
method on a fixed grid. The pseudo-transient (PIMPLE) algorithm, which is a hybrid 
algorithm that combines the pressure-implicit split-operator (PISO) and semi-implicit 
method for pressure-linked equations (SIMPLE) algorithms [73-74], is used to couple 
both pressure and velocity in unsteady flow.  
In order to ensure boundedness and consistency of computed scalar fields, the 
interFoam solver utilizes the multidimensional universal limiter for explicit solution 
(MULES) method [75]. In OpenFOAM 2.3, a new, semi-implicit variant of MULES is 
used where it associates operator splitting with application of the MULES limiter to an 
explicit correction rather than to the complete flux. A time step of the algorithm starts 
with the application of an implicit predictor step before constructing an explicit 
correction to which the MULES limiter is applied. This semi-implicit method is faster 
than the explicit method used in the previous variant of MULES. 
 
25 
The finite volume method is used to discretize the governing equations while the 
transient and source terms are discretized following the midpoint rule and then integrated 
over the cell volume. The time derivative terms are discretized using a first-order implicit 
Euler method and the spatial derivative terms are transformed to integrals over the 
surface of each cell with a second-order Gaussian integration. The integration is obtained 
adding up all the values of cell faces. In order to precondition the pressure equation, a 
diagonal incomplete-Cholesky (DIC) preconditioned conjugate gradient (PCG) solver is 
used [76]. Finally, a diagonal incomplete-LU asymmetric (DILU) PCG preconditioner is 
used to smooth the momentum matrix, and it is solved using a preconditioned bi-
conjugate gradient (PBiCG) solver [76]. 
3.3 Volume of fluid (VOF) implementation  
For this problem, the governing equations are modeled using the VOF approach 
[64]. The liquid and gas phases are water and air, respectively. The volume fraction of the 
liquid phase is defined by ∝, which is obtained by the solution of the convection equation 
(3.3). 
Advection of ∝: 
                                     ∝= 1               𝐿𝑖𝑞𝑢𝑖𝑑 𝑝ℎ𝑎𝑠𝑒 
                                     0 <∝< 1       𝐼𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒 𝑏𝑒𝑡𝑤𝑒𝑒𝑛 𝑏𝑜𝑡ℎ 𝑝ℎ𝑎𝑠𝑒𝑠  
                                                 ∝= 0              𝐴𝑖𝑟 𝑝ℎ𝑎𝑠𝑒 
The mass conservation equation: 
 For the fluid phase ∶     𝜕∝
𝜕𝑡
+ ∇(∝ 𝑣𝑙) = 0 (3.4) 
 For  the air phase:         𝜕∝
𝜕𝑡
+ ∇((1−∝)𝑣𝑎) = 0 (3.5) 
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where 𝑣𝑙 is the velocity of the liquid, 𝑣𝑎 is the velocity of the air and ∝𝑎= (1−∝) is the 
volume fraction of the air phase. 
This convection equation is modified to ensure boundedness and conservation for 
the given problem using 
 𝜕∝
𝜕𝑡
+ ∇. (∝ 𝑉) + ∇. ((1−∝) ∝ 𝑣𝑟) = 0  (3.6) 
where 𝑣𝑟 is the velocity of the interface, and the additional term represents the 
compression term, which is active only near the interface and can significantly reduce the 
dissipation between the two phases while using the VOF method. Berberovic et al. [73] 
stated that the relative velocity at a cell face depends on the phase fraction, the velocity 
over the face, and the maximum velocity magnitude in the region between the two 
phases. 
3.4 Model for contact line motion  
In interFoam, the effects of surface tension are incorporated by the inclusion of a 
body force term in the momentum equation (3.2). Among the effects of the surface 
tension at the interface is the generation of a phase gradient between the phases, which is 
accounted for via 𝑓𝑏, which is the body force term determined with the continuum surface 
force model of Brackbill et al. [72] 
       𝑓𝑏 = 𝜎[−∇ (
∇∝
|∇∝|
) ]∇∝ (3.7) 
where 𝜎 is the surface tension, ∇∝
|∇∝|
 represents the normal to the interface and [−∇ ( ∇∝
|∇∝|
) ] 
is the curvature of the interface. For this purpose, it is crucial to compute the effects in 







=  𝑛𝑤𝑎𝑙𝑙𝑐𝑜𝑠 + 𝑡𝑤𝑎𝑙𝑙𝑠𝑖𝑛  (3.8) 
where  is the contact angle, which must be obtained from experimental data,  
𝑛𝑤𝑎𝑙𝑙 is the normal to the wall and 𝑡𝑤𝑎𝑙𝑙 is the tangent to the wall. 
interFoam calculates the dynamic contact angle using the following equation: 




where 0 is the static contact angle, 𝐴  is the advancing angle, 𝑅 is the receding 
angle, (𝐴 − 𝑅) is the contact angle hysteresis, 𝑢𝑤𝑎𝑙𝑙 is an approximation of the velocity 
of the contact line based on the velocity of the fluid parallel to the wall near to the fluid-
gas interface and the parameter 𝑢 is responsible for the rapidity of the evolution. A 
positive quantity indicates that it is an advancing contact line.  
However, Sikalo et al. [77] stated that the velocity of the fluid present in an area 
near the wall is not equivalent to the velocity of the contact line. Logically, the 
hyperbolic tangent function will evolve smoothly between the advancing angle 𝐴 and the 
receding angle  𝑅  whilst using the static contact angle (SCA) at 𝑢𝑤𝑎𝑙𝑙 = 0.  
The problem posed by the previous equation (3.9) is that it cannot return the 
advancing or the receding contact angles at its extremes. To resolve this matter, a 
modified equation was implemented in interFoam [78] 
  = 0 + (𝐴 − 𝑅) × tanh(
𝑢𝑤𝑎𝑙𝑙+|𝑢𝑤𝑎𝑙𝑙|
2𝑢




In equation (3.10), when 𝑢𝑤𝑎𝑙𝑙 is positive, representing an advancing contact line, 
the last hyperbolic tangent function is 0 and  =   𝐴. In the same way, when 𝑢𝑤𝑎𝑙𝑙  
returns a negative value, it represents a receding contact line, and the first hyperbolic 
function is 0 and  =   𝑅. However, the results predicted by both equation (3.9) and 
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(3.10) did not exhibit significant differences; therefore, the original version implemented 





4.1 Presentation of the cases  
Three-dimensional simulations were performed using the CFD code OpenFOAM. 
The VOF method was employed to simulate two fluids, air and water, represented by a  
50 μm-diameter droplet located at 57.5 μm above the surface. The aim of the 
simulations is the analysis of droplet impact at a speed of 60 m/s on superhydrophobic 
surfaces with micro-scale roughness elements (MRE) and to establish whether the MRE  
enhance the hydrophicity of a surface or not. Three simulations were generated: the first 
one was a droplet impacting a smooth superhydrophobic surface which served as a 
control, the second was a droplet impacting a superhydrophobic surface with anisotropic 
MREs and the third a droplet impacting a superhydrophobic surface with isotropic 
MREs.  
The computational domains used for the simulations were generated using the 
OpenFOAM utilities blockMesh, mergeMeshes, stitchMesh and transformPoints [14].  
The dimensions of the three Cartesian meshes were respectively 230 μm x 230 μm x 230 
μm (Figure 4.1), 240 μm x 230 μm x 230 μm, (Figure 4.2) and 235 μm x 230 μm x 245 
μm (Figure 4.3).   
The MREs for the second case, which can best be described as “channels,” are 
considered anisotropic because of their size 5 μm x 5 μm x 230 μm and shape. This 
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configuration was chosen to mimic the anisotropic structures on the strider leg (Figure 
2.3) and the duck feather (Figure 2.4B). No attempt was made to match the physical 
dimensions of these structures. There are 23 such channels in the computational domain. 
Regarding the third case, (Figure 4.4) shows three fundamental elements that were used 
to create the computational domain: a cube, a half cube and a quarter cube. These latter 
formed “cubic posts” of 5 μm x 5 μm x 5 μm  that  were used along with OpenFOAM 
utilities to create an isotropic configuration of  600 cubic MREs for the third case. The 
spacing between each post was 5 μm. This configuration was chosen to mimic the 
isotropic structures on the mosquito eye (Figure 2.4 A) and the lotus leaf (Figure 2.5 A). 
As before, no attempt was made to match the physical dimensions of these structures. 
Results from a previous study conducted by Burtnett [69] using axisymmetric 
simulations were inconclusive regarding the effectiveness of MREs for high-speed 
droplet impact. To that end, this investigation used three-dimensional domains that were 
discretized using Cartesian meshes. These latter were isotropically refined basing the 
mesh point spacing on the previous axisymmetric simulations done by Burtnett [69]. The 
refinement of the Cartesian meshes defined three regions with different resolutions. The 
first region was a coarse area characterized by 10 cells per radius (CPR), based on the 
radius of the droplet, the second region, which included the droplet in its initial position, 
was 40 (CPR) and the finest grid, which included the region near the wall, had a spacing 
of 80 (CPR), see (Figure 4.5). In total, the domains contained approximately 66M to 73M 
elements, depending on the case. 
In order to reduce simulation time, the three-dimensional simulations were 
performed using a quarter-plane symmetry in which the two symmetry planes intersect 
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along the vertical axis of the droplet. The jobs were executed on Shadow at the 
Mississippi State University (MSU) High Performance Computing Collaboratory 
(HPCC), which is a Cray CS300-LC cluster with 4800 Intel Ivy Bridge processor cores 
and 28,800 Intel Xeon Phi cores. Each node has either 512 GB of RAM (45%), 128 GB 
of RAM (45%) or 64 GB of RAM (10%) for a system total of 70 TB of RAM. Shadow 
has a peak performance of 593 teraFLOPS (trillion calculations per second) and is one of 
the fastest, energy efficient and powerful computer in the world [78].  
HPCC policies allow a minimum of 200 processors per job and that is the number 
of processors used to generate each one of the three simulations. A lot of efforts was 
made to reduce their computational cost; unfortunately, these attempts did not greatly 
impact their computational time. In fact, each simulation has unique surface 
characteristics that lead the fluid to flow differently and eventually caused the 
computational time to vary for each case (Table 4.1).  
Table 4.1 Computational time recorded for each case 
Case Number of 
elements  
Number of MREs Computational 
time (hr) 
1 67,669,680 N/A 528  
2 66,089,856 23 864  





Figure 4.1 Domain of the first simulation - CASE I – 
 
 
Figure 4.2 Domain of the second simulation - CASE II – 
 
 





Figure 4.4 Fundamental components of the MRE used for the composition of the 
domain ( CASE III) 
A-cube , B-half a cube , C-quarter of a cube  
 
Figure 4.5 Refined Domain 
A-10 CPR ; B-40 CPR; C-80 CPR 
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4.2 Boundary conditions  
The six boundary patches generated by the blockMesh utility are: leftWall, 
rightWall, lowerWall, atmosphere, frontWall and backWall (Figure 4.6). As the 
simulations were performed on only one quarter of the domain, two of the patches 
(rightWall and backWall) were defined as symmetryPlane to simulate a full domain. In 
contrast, the two remaining patches (frontWall and leftWall) were designated as a 
zeroGradient type, which forces the gradients of velocity, pressure, and alpha.water, 
normal to the boundary to be zero.  
The patch atmosphere, which is the top boundary, must allow both outflow and 
inflow. Therefore, in order to permit this while preserving stability, the following 
boundary conditions have been set for the velocity, pressure and alpha.water: 
 For velocity: pressureInletOutletVelocity, which applies zeroGradient on 
all components, except where there is inflow, in which case a fixedValue 
condition is applied to the tangential component in other words it switches 
𝑈 and 𝑃 between fixedValue and zeroGradient depending on direction of 
𝑈 [79]. 
 For pressure: totalPressure which is a fixedValue condition calculated 
from specified total pressure 𝑃𝑜 = 𝑝 +
1
2
𝜌 |U|² . When 𝑈 changes, 𝑃 is 
adjusted accordingly [79]. 
 For alpha.water: inletOutlet, is a zeroGradient  condition when flow is 
outward and a fixedValue when flow is inward [79]. 
Concerning the last boundary patch, the lowerWall was defined as a no-slip wall 
in the boundary file. Since this problem should contain a lower boundary that accounts 
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for the effects of surface tension between the wall, and the interface, the boundary 
condition of the lowerWall was set accordingly. Actually, the interFoam solver includes 
the modelling of the effects of surface tension that are applied by specifying 
the alphaContactAngle boundary condition on alpha.water and pressure’s boundaryfield  
along with setting the following special numerical values for this investigation: the static 
contact angle to 0 = 149, the velocity scaling function to 𝑈 = 0.01, and leading and 
trailing edge dynamic contact angles,  𝐴 = 154 and 𝑅 = 150 respectively. 
 
Figure 4.6 Boundary patches & location of the droplet 
 
4.3 Case I - Dry, smooth superhydrophobic surface 
The first case represents the impact of a droplet on a dry, smooth 
superhydrophobic surface at a speed of 60 m/s (Figure 4.7). This case is used as a control 
in order to evaluate the effectiveness of the MREs. In reality, this superhydrophobic 
surface would include both a chemical treatment applied to the surface to reduce surface 
energy and the nanoscale roughness on the surface. However, this case was designated as 
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smooth since this simulation was performed at a microscopic scale and that nanoscale 
effects were modeled through the contact angle.  
The simulation showed that once the droplet impacted the surface, it splashed 
(Figure 4.8) and produced satellite droplets and droplet fingering (Figure 4.9). The phase 
evolution of the droplet impact captured by the simulation showed that the splash 
produced a few residual droplets that were dispersed over the surface (Figure 4.10). At a 
time of 10μs  after droplet impact, the fluid began to retract from its maximum spread and 
a receding break up occurred. After a time of 13 μs, the fluid retraction showed the 
beginning of a complete rebound and an attempt to regain its initial shape (Figure 4.11). 
From the latest phase depicted by the simulation, it was observed that the behavior of 
droplet impact at high speed on dry, smooth superhydrophobic surface was as desired. In 
fact, a significant amount of the fluid approximately regained its initial shape and 











Figure 4.8 Droplet Splash 
 
 
Figure 4.9 A: Satellite droplet,  B: Droplet fingering 
 
 





Figure 4.11 Receding breakup 
 
 
Figure 4.12 Retraction of the fluid 
 
 




4.4 Case II - Dry, superhydrophobic surface with anisotropic micro-scale 
roughness elements  
For this case, the droplet impacted a dry, superhydrophobic surface with 
anisotropic MREs at a speed of 60 m/s. The anisotropic MREs of 5 μm x 5 μm x 230 μm 
form a surface of 23 channels (Figure 4.14).  
 Once the droplet impacts the surface, it breaks and produces a prompt splash.  
The splashing generates several satellite droplets (figure 4.15) and droplet fingering 
(Figure 4.16). At a time of 4 μs after the droplet impact, the fluid flowing through the 
surface starts to adapt to the shape of the channels creating several patterns (Figure 4.17). 
After 6 μs from the beginning of the simulation, some of the residual droplets vacate the 
domain while others get trapped between the MREs. By the last time step, no significant 
changes were observed. A significant amount of the fluid was still obstructed by the 
MREs whereas the remnants of the droplets rebounded off the surface and scattered all 
over the domain.  
This simulation showed that the anisotropic configuration of the MREs caused the 
rebound of the droplets to be poorly defined (Figure 4.18). Moreover, it proved, by the 





Figure 4.14 Simulation of Case II – Evolution phases of droplet impact on dry 





Figure 4.15 Droplet Fingering 
 
 
Figure 4.16 Satellite droplets 
 
 
Figure 4.17 Fluid flow patterns 
 
  




4.5 Case III - Dry, superhydrophobic surface with isotropic micro-scale 
roughness elements 
The  simulation for the third case involved the impact of a droplet on a dry, 
superhydrophobic surface with isotropic MREs at the same speed as the two previous 
simulations (Figure 4.19). There are 600 MREs, shaped as cubic posts with dimension 5 
μm x 5 μm x 5 μm, on the surface.  
The simulation showed that, when the droplet impacted the surface, it brutally 
burst and produced a prompt splash . Subsequently, the prompt splash caused the creation 
of various droplet fingers and satellite droplets (Figure 4.20). Due to the small size and 
the very large number of cubic posts present on the surface, it was observed that 
numerous residual droplets were scattered over the surface causing some of them to exit 
the domain (Figure 4.21). In addition, at a time of 4 μs after the droplet impact, some 
complex patterns started to form. This was mainly due to the fluid flowing in between the 
MRE cavities (Figure 4.22). Eventually, at the end of the simulation, some of the fluid 
retracted and bounced off the surface whereas some of it remained trapped between the 
cubic posts (Figure 4.23). 
By the effects stated previously, it was established that this simulation 
demonstrated the relative ineffectiveness of the MREs present on the dry 
superhydrophobic surface subjected to high speed droplet impact. Indeed, this case 
exhibited that the MREs shape, size and configuration were the main cause of the 




Figure 4.19 Simulation of Case III – Evolution phases of droplet impact on dry 





Figure 4.20 A:Satellite droplets, B: Droplet fingering 
 
 
Figure 4.21 Residual droplets 
 
 
Figure 4.22 Complex fluid flow patterns 
 
 





The three simulations, in which a 50 μm diameter droplet impacts a surface at 60 
m/s, showed that the water repellent characteristics of dry superhydrophobic surfaces are 
apparent.  In each case, the droplets bounced off the surface, to varying degrees, after 
impact. However, when comparing these cases, significant differences were observed.  
Only a few satellite droplets stayed on the smooth superhydrophobic surface, 
while the remaining fluid rebounded off the surface and returned to its initial shape. In 
contrast, the superhydrophobic surface with the anisotropic, channel-like MRE 
configuration caused the droplet to shatter into several satellite droplets with some fluid 
remaining trapped in the channels. The third surface, with isotropic cubic MREs, 
produced the largest number of residual droplets after the impact due to the small size 
and large number of posts present on the surface. Similar to the second simulation, the 
third simulation showed that the fluid spreads through the domain and eventually, due to 
a channeling effect, takes the shape of the cavities present between the cubic posts.  
The videos and images of the simulations demonstrated that the structured MREs 
were inefficient in enhancing the hydrophobicity of a surface for a droplet impacting the 
surface at high speed. The specific configuration of the MREs, either isotropic or 
anisotropic, did not improve the behavior of droplet impact on superhydrophic surface. 
Nevertheless, this research exhibits that the presence of numerous small MREs on the 
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surface causes the worst comportment of the droplet, where it breaks apart and leaves a 
significant number of residual droplets, fingering droplets, and fluid in the domain. 
However, this study considered only two MRE configurations. 
For future work, a grid refinement study should be performed to establish if the 
behavior of the droplet seen on these simulations was numerically or physically induced. 
Although the point spacing in the grid was based on previous axisymmetric simulations, 
its appropriateness for three-dimensional simulations has not been established. 
Furthermore, it would be necessary to do an experimental investigation to gather data in 
order to validate the results for both dry, superhydrophobic surfaces with anisotropic and 
isotropic simulations. In addition, three-dimensional simulations that included freezing 
would be appropriate to determine if the satellite droplets solidify after impact rather than 
return to the surface. Additionally, the use of high performance computational resources 
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